Introduction: The aim of this study was to determine whether calf compression sleeves (CS) affects physiological and biomechanical parameters, exercise performance, and perceived sensations of muscle fatigue, pain and soreness during prolonged (∼2 h 30 min) outdoor trail running.
Introduction: The aim of this study was to determine whether calf compression sleeves (CS) affects physiological and biomechanical parameters, exercise performance, and perceived sensations of muscle fatigue, pain and soreness during prolonged (∼2 h 30 min) outdoor trail running.
Methods: Fourteen healthy trained males took part in a randomized, cross-over study consisting in two identical 24-km trail running sessions (each including one bout of running at constant rate on moderately flat terrain, and one period of all-out running on hilly terrain) wearing either degressive CS (23 ± 2 mmHg) or control sleeves (CON, <4 mmHg). Running time, heart rate and muscle oxygenation of the medial gastrocnemius muscle (measured using portable near-infrared spectroscopy) were monitored continuously. Muscle functional capabilities (power, stiffness) were determined using 20 s of maximal hopping before and after both sessions. Running biomechanics (kinematics, vertical and leg stiffness) were determined at 12 km·h −1 at the beginning, during, and at the end of both sessions. Exercise-induced Achilles tendon pain and delayed onset calf muscles soreness (DOMS) were assessed using visual analog scales.
Results: Muscle oxygenation increased significantly in CS compared to CON at baseline and immediately after exercise (p < 0.05), without any difference in deoxygenation kinetics during the run, and without any significant change in run times. Wearing CS was associated with (i) higher aerial time and leg stiffness in running at constant rate, (ii) with lower ground contact time, higher leg stiffness, and higher vertical stiffness in all-out running, and (iii) with lower ground contact time in hopping. Significant DOMS were induced in both CS and CON (>6 on a 10-cm scale) with no difference between conditions. However, Achilles tendon pain was significantly lower after the trial in CS than CON (p < 0.05).
INTRODUCTION
Compression garments are widely used in the treatment or prevention of clinical, occupational, and travel-related ailments for their beneficial effect on venous hemodynamics. The extrinsic mechanical pressure they provide to the underlying soft tissues increases cutaneous and subcutaneous interstitial pressure, thereby reducing peripheral blood pooling, leg swelling, and improving venous return (Partsch et al., 2008) . Compression garments are also used in healthy populations for post-exercise recovery purposes, although there is no definitive consensus about their effects (MacRae et al., 2011; Born et al., 2013; Hill et al., 2014) . Overall, it has been largely demonstrated that compression garments improve perfusion and increase local muscle oxygenation at rest (Bochmann et al., 2005; Bringard et al., 2006) , so that many of its expected ergogenic effects are dependent on the subsequent compensation of local oxygen deficit contracted during exercise and fastening of energy stocks reconstitution (Di Prampero et al., 1983) .
During the last decade, wearing compression garments during exercise has also become increasingly popular in sports such as running and cycling. Similar to the literature specific to postexercise recovery, various outcomes have been reported, with no or small beneficial effects in physiological, psychological, or biomechanical parameters (Engel et al., 2016) . Wearing compression garments during running exercise was associated with improvements in muscle oxygenation during intermittent high intensity running (Sear et al., 2010) , leg volume (Bovenschen et al., 2013) , muscle damage using magnetic resonance imaging and histochemical techniques (Valle et al., 2013) , delayed onset of muscle soreness (DOMS, see Duffield and Portus, 2007) , and heart rate (Varela-Sanz et al., 2011) . Positive effects in performance have also been noted in incremental tests (Kemmler et al., 2009; Sear et al., 2010) , repeated sprinting (Higgins et al., 2009; Born et al., 2014) , and jumping height following submaximal exercise (Rugg and Sternlicht, 2013; Bieuzen et al., 2014) or after a 10 km run (Ali et al., 2011) . Conversely, other studies have reported no measurable effect on limb volume (Areces et al., 2015) , fractional oxygen utilization (Kemmler et al., 2009; Wahl et al., 2011; Born et al., 2014; Priego Quesada et al., 2015; Stickford et al., 2015) , muscle oxygenation or blood flow (Vercruyssen et al., 2012; Born et al., 2014) , heart rate or indicators of central cardiovascular adaptations (Ali et al., 2007; Sperlich et al., 2011; Wahl et al., 2011; Vercruyssen et al., 2012; Born et al., 2014; Priego Quesada et al., 2015) , lactate or exercise metabolite removal (Kemmler et al., 2009; Ali et al., 2010; Sperlich et al., 2011; Wahl et al., 2011; Vercruyssen et al., 2012; Areces et al., 2015) , ratings of perceived exertion (RPE) or DOMS (Ali et al., 2007 (Ali et al., , 2010 Bovenschen et al., 2013; Areces et al., 2015; Priego Quesada et al., 2015) , running economy and gait kinematics (Varela-Sanz et al., 2011; Stickford et al., 2015; Vercruyssen et al., 2016) , maximal voluntary and evoked contractions (Vercruyssen et al., 2016) , as well as performance in repeated sprinting (Duffield et al., 2008) , or in running performed at maximal (Ali et al., 2007; Priego Quesada et al., 2015) and at sub-maximal exercise intensities (Ali et al., 2007 (Ali et al., , 2011 Wahl et al., 2011; Vercruyssen et al., 2012; Priego Quesada et al., 2015) . This abundant but heterogeneous literature may underline probable task-dependent ergogenic effects of the compression when used during exercise.
Recent studies have indicated that the mechanical support provided by compression garments may contribute to reduce the transmission of oscillations or vibrations (Doan et al., 2003; MacRae et al., 2011; Bovenschen et al., 2013) , which may in turn reduce fatigue (Miyamoto et al., 2011) , and increase performance (Kraemer et al., 1998) . Because minimizing musculo-skeletal damage and fatigue is considered paramount for performance in trail running (Millet, 2011) , and since prolonged running on trails has been shown to alter footstrike patterns and gait biomechanics (Morin et al., 2011b; Vernillo et al., 2014; Giandolini et al., 2016) , it is possible that compression garments have beneficial effects in situations maximizing the exposure to fatigue, shocks and vibrations, such as prolonged running exercise performed on trails with pronounced elevation gain and loss. Despite the increased popularity of trail running over short and long distances, there is only limited evidence available on the effects of compression garments worn during running on trails with uphill and downhill sections (Vercruyssen et al., 2012 (Vercruyssen et al., , 2016 Bieuzen et al., 2014) , or for road running for durations longer than ∼90 min (Areces et al., 2015) . These studies indicate that while compression garments worn during trail running may reduce muscle soreness post-run and the recovery of lower limb power capacity (Bieuzen et al., 2014) , there has currently been no evidence of the ergogenic effect of compression garments on the running pace and performance (Vercruyssen et al., 2012; Bieuzen et al., 2014; Vercruyssen et al., 2016) . However, all previously cited studies have performed measurements before and after running, and no study on prolonged running >90 min has been designed to measure physiological and biomechanical adaptations of running with compression garments during prolonged trail running.
Therefore, the aim of this study was to determine if wearing calf compression sleeves (CS, compression garments covering the lower limb between the ankle and knee joints) during a prolonged running exercise (∼150 min) performed on trails with marked elevation gain and loss, had a measurable effect on local muscle tissue oxygenation, running pattern, muscle power capability, performance, and subjective perception of muscle fatigue, pain and soreness. Because of the various changes in contraction modes and intensities characteristic of trail running with marked elevation gain and loss (changes in gradient, directions, and surfaces), we hypothesized that wearing CS may benefit from improved perfusion and local muscle oxygenation. We also hypothesized that wearing CS would reduce the deleterious effects of fatigue on running biomechanics, muscle power capability and subjective perception, thereby improving performance.
METHODS Ethics Statement and Participants
This study, including all the procedures described has been explicitly approved by national ethics committees (Comité de Protection des Personnes, Ref. IDRCB-2014-A01721-46 and Agence Nationale de Sécurité du Médicament et des produits de santé, Ref. 41504B-81) . Participants for this study were recruited in the local running community (clubs, online forums and websites). The inclusion criteria for this study were: male, training in running >2 h weekly, experienced in trail running, successfully performing screening tests, receiving medical insurance, not participating in another clinical study, and not planning to participate in sporting competition, unusual or >90 min exercises during the study period.
All participants meeting the inclusion criteria received an information sheet describing the study procedures in detail, and were invited for a ∼30 min screening session under the supervision of the study physician. Clearance for participation in the study was granted by the physician, and conditional on providing written informed consent and presenting a normal resting electro-cardiogram. A total of 14 male participants were included in the study (age: 21.7 ± 3.0 year; height: 180.2 ± 4.7 cm; weight: 72.3 ± 6.7 kg; Body Mass Index: 22.2 ± 1.6 kg·m 2 ; weekly physical activity volume: 6.00 ± 2.02 h).
Procedures
Participants in the study completed two experimental sessions, separated by 27 ± 6 days in order to prevent from potential carryover and fatigue effects between conditions. For normalization purposes, participants (i) were instructed to wear the same clothing and shoes for both sessions, (ii) performed the two sessions at the same time of day (±2 h) and in similar temperature and weather conditions, and (iii) ingested the same volume of standard isotonic drink on both runs (determined from the volume ingested during the first session) carried using a hydration belt during the two sessions (19 g·L −1 : 61% saccharose, 17% dextrose, 15% maltodextrin).
After a normalized warm-up (light intensity running lasting 10 min, one set of technical drills, and 20 s of hopping), each session consisted in performing a ∼24 km running exercise, wearing in a randomized order full tights exerting no compression (CON; Kalenji, Decathlon, France) or degressive calf compression sleeves (CS; UP, Thuasne Sport, LevalloisPerret, France) and ¾ non compressive tights (Kalenji, Decathlon, France), the latter aiming at minimizing the thermoregulatory and proprioceptive differences between conditions. In the current study, calf compression sleeves were preferred over other types of garments since these are a popular choice allowing trail runners to select socks according to individual preferences, which is an important parameter in prolonged running. The actual compression exerted by the garments in the CON (<4 mmHg) and CS (23 ± 2 mmHg) conditions were measured at the beginning of each session via a pressure transducer (PicoPress, Microlab Elettronica, Nicolò, Italy) placed between the medial and lateral heads of the muscle gastrocnemius with the participants standing in a relaxed, balanced position.
The two sessions were performed on the same signposted ∼24 km course (total elevation change [D±] of 1,020 m, 90% trail; see Figure 1 ), consisting of one period performed at constant rate on moderately flat terrain (MFT, three laps of the same 3.6 km course, D±: 90 m) and one period performed all-out on a technical and hilly terrain (THT, two laps of the same 6.6 km course, D±: 375 m), both separated by approximately 10 min for muscle oxygenation measurements. All participants were local to the testing venue, were familiarized with the entire course several times before testing, and ran alone during each session to minimize the effect of group pacing, but were provided with timing feedback from investigators and carried a watch to pace their effort accordingly throughout MFT.
Heart rate (HR), speed and time (via Global Positioning System, GPS) were recorded continuously at 0.2 Hz using a wristwatch and chest strap (ForeRunner 405, Garmin, Olathe, KS; GPS precision: 2.5 m at 1 Hz; GPS tracking sensitivity: −143 dBm). A 0.2 Hz sampling frequency was used to maximize battery life and has previously been used to monitor the speed of trail runners (Kerhervé et al., 2015) . The course elevation profile was recalculated using an online mapping utility (www.tracedetrail. fr). Each participant's HR was expressed as a percentage of theoretical maximum HR (%HR) using Equation (1) (Tanaka et al., 2001 ):
In order to minimize the effect of ambient temperature on the measures, testing was performed under similar meteorological conditions. Ambient temperature and skin temperature under the garments were measured at 0.017 Hz using two wireless temperature sensors (Ibutton-Thermocron, Maxim Integrated, San Jose, CA), one secured to the hydration belt, and one affixed directly to the skin on the calf muscle gastrocnemius medialis, respectively.
Muscle Oxygenation
To investigate muscle oxygenation, the portable near-infrared spectroscopy (NIRS) apparatus used in this study was a 2-wavelength continuous wave system, allowing to assess changes in oxy- ( investigated muscle area. The device simultaneously uses the modified Beer-Lambert law and spatially resolved spectroscopy method to measure hemoglobin changes from the differences in absorption characteristics of the light (750 and 850 nm) and to compute a tissue saturation index (TSI, %), which reflects the average saturation of the underlying muscle tissue. Given the uncertainty of the proton pathlength at rest and during exercise, we used an arbitrary value for the differential pathlength of 4.16 based on previous literature (Duncan et al., 1996) . The probe was affixed to the skin of the calf muscle gastrocnemius medialis of the right leg using double-sided tape, and secured with adhesive bandages. The probe was fixed on the muscle belly parallel to muscle fibers, in a position normalized across conditions and participants at 8.8 ± 1.7 cm under the popliteal fossa. A surgical marker was used to mark the probe placement for accurate repositioning. Skinfold thickness at the site of application of the NIRS probe was determined using Harpenden skinfold calipers (British Indicators Ltd, Burgess Hill, UK). The calculated value of skin and subcutaneous tissue thickness was less than half the mean distance between the sources and the detector (i.e., 35 mm). For subsequent analysis of the TSI, the NIRS signal was smoothed using a Gaussian moving average with a 3-s period. We reported the measures of TSI as the average of the 20 s before each of the following time points: before and after the warm-up in a seated position, at the beginning and at the end of the MFT laps, at the beginning and five times during (points A, B, C, and D corresponding to marked changes in elevation gain and loss, see Figure 1 ) and at the end of the THT laps, and at the end of the test in a quiet, standing position.
Other indicators of local tissue oxygenation levels such as muscle tissue perfusion (mBF) and muscle tissue oxygen consumption (mVO 2 ) were obtained using venous and arterial occlusions before (PRE), between the MFT and THT, and after the test (POST). A standard pneumatic occlusion cuff (Spengler, Antony, France) was positioned on the right leg of the participants in a standing, balanced position, and with their weight distributed slightly more to the left leg. The mBF (in mL·min·100mL −1 ) was estimated from the following equation (Van Beekvelt, 2002) :
where the slope of [tHb] (expressed in µM·s −1 ) was measured by NIRS during two 20-s venous occlusions (70 mmHg) separated by 45 s of rest, and [Hb] is the absolute value of hemoglobin concentration (group mean: 9.56 ± 0.67 mmol×L −1 ) assessed for each subject from a micro-sample of blood at the finger with an hemoglobin photometric analyzer (Hemo Control, EKF Diagnostics, UK). As previously described (Hamaoka et al., 2007) , mVO 2 was estimated using the initial rate of muscle deoxygenation measured by NIRS during two 20-s arterial occlusions (280 mmHg) separated by 45 s of rest. Assuming a value of 1.04 kg·L −1 for muscle density and that during the occlusion [tHb] remains roughly constant, the linear rate of increase in [HHb] or the linear rate of decrease in [O 2 Hb] (expressed in µM×s −1 ) was converted to milliliters O 2 per minute per 100 g tissue (in mL×min×100 g −1 ) using the following equation (Van Beekvelt, 2002) :
Muscle Functional Capabilities
Muscle functional capabilities of the lower limbs were assessed during a bout of 20 s of maximal hopping (repeated jumps) before (rested state, PRE) and after (fatigued state, POST) the running exercise (Joseph et al., 2013) . Participants were asked to jump as high and as often as possible over the whole 20 s bout. Contact time (t c ), aerial time (t a ) and jump frequency (f = 1/ [t a + t c ]) were measured using optoelectric cells (OptoJumpNext, Microgate, Bolzano, Italy) positioned ∼1-m apart on level ground, with a time resolution of 1 ms. In order to maximize the contribution of plantar flexor muscles and minimize the contribution of knee extensor muscles, the jumps were performed without bending the knees using verbal instructions and a knee brace locked in a fully extended position (GenuControl, Thuasne Sport). Average and maximum power (in W·kg −1 ) and limb stiffness (kl eg , in N·m −1 ) were calculated based on previous validated computations using t c and t a (Bosco et al., 1983; Dalleau et al., 2004) , following equations 4, 5, and 6:
where g is the gravitational attraction (g = 9.81 m·s −1 ), m is the mass of the participant (in kg).
Biomechanical Running Pattern
Running pattern was evaluated through determination of contact time (t c ), aerial time (t a ), stride frequency (f = 1/ [t a + t c ]), duty factor (DF), lower limb (k leg ) and vertical stiffness (k vert ) once before (PRE), and 5 times during each running test (at the end of each lap in MFT and THT) using a series of optoelectric cells (OptoJumpNext, Microgate, Bolzano, Italy) over an 8-m length. Each time, the participants were required to run between the optoelectric cells at an imposed speed of ∼12 km·h −1 , paced using a cyclist and a 100-m run-up (Morin et al., 2011b) . The percentage of ground contact time during each stride, i.e., duty factor (DF, expressed as a percentage), was subsequently calculated as DF = [t c /t c + t a ] × 100. Lower limb stiffness (k leg , in N·m −1 ) and vertical stiffness (k vert , in N·m −1 ) were calculated for each trial using Equations (7.1-7.5):
where m is the mass of the participant (in kg), L is the length of the lower limb (in m), z (in m) is the vertical variation of the center of mass, L (in m) is the variation of leg length during the stance phase, and F max is the vertical component of peak force during the stance phase. A correction of L (d = 0.18×L) was used to take into account the foot landing characteristics (Bullimore and Burn, 2006) .
Questionnaires
Five separate linear visual analog scales were used to measure subjective ratings of the sensations of fatigue (Lee et al., 1991) and discomfort/pain (Hawker et al., 2011) in the calf and thigh muscles, and Achilles' tendon PRE and immediately POST running exercise. The delayed onset of muscle soreness (DOMS) at the calf muscle level was measured using the same linear visual analog scale 1, 24, 48, 72 h, and 7 days after the running exercise. Visual analog scales were ranked from 0 (no fatigue/discomfort/pain) to 10 (worst fatigue/discomfort/pain imaginable), and participants could choose either full or in-between increments to grade the sensation.
Variables and Statistical Analyses
In order to ensure the CON and CS conditions were performed in a comparable environmental and physical state, we reported ten standardization parameters across conditions: participants weight, average ambient and skin temperatures over the two sessions, localized sensations of fatigue and pain before the beginning of exercise, performance during MFT (total time), and time stopped between the MFT and THT. In order to evaluate the differences between conditions at rest, we compared the baseline measures of mBF and mVO 2 with and without CS, and the measures of TSI before and after the warm-up. All pairs of data in the two conditions (CON and CS) were initially tested for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Fisher's test). We used paired Student's t-tests to measures potential significant differences in two means across conditions (CON vs. CS), and repeated-measures ANOVA (two way: condition × time point, three way: condition × lap × time point) with Fisher's LSD post-hoc tests when there were comparisons across more than two levels. In cases where the assumptions of normality and homogeneity of variances were not met, the non-parametric Wilcoxon test signed-rank test was used for the comparisons of two means. For pairwise comparisons, we reported effect size using Cohen's d, calculated in the standard manner (d = X 1 −X 2 / σ pooled , where
/2)) interpreted according to Cohen's scale (small effect: 0.2 < d < 0.5, medium effect: 0.5 < d < 0.8, and large effect: d > 0.8). For ANOVAs, we reported effect size using partial eta-squared (η 2 p ) interpreted according to Cohen's scale (small effect: 0.01 < η 2 p < 0.06, medium effect: 0.06 < η 2 p < 0.14, and large effect: η 2 p > 0.14).
All statistical analyses were performed using Statistica (version 13, StatSoft, Inc., Tulsa, OK, USA). The level of significance was set at p < 0.05 and data are presented as Mean ± SD, unless stated otherwise.
RESULTS
All 14 participants successfully completed the two sessions. There were no significant differences between conditions (CON vs. CS) in standardization parameters weight, ambient and skin temperatures, in the subjective sensations of fatigue or pain prior to running, in the time to complete the small laps, and in the recovery durations between MFT and THT ( Table 1) .
Baseline measures performed prior to running revealed significant differences between conditions in local mBF (0.12 ± 0.05 vs. 0.17 ± 0.12 mL·min·100 mL −1 in CON and CS, respectively; 95% CI = −0.02, 0.09; p = 0.011; d = 0.54), but not in mVO 2 (5.08 ± 2.07 vs. 5.35 ± 1.68 mL·min·100 g −1 in CON and CS, respectively; 95% CI = −0.26, 0.80; p = 0.280; d = 0.14). Significant differences were measured in TSI at baseline and after the warm-up for condition (p = 0.035, η 2 p = 0.41) and time (p = 0.001, η 2 p = 0.72) but not for interaction (p = 0.950, η 2 p < 0.001; see Figure 2 ).
MFT Running Bout
The average speed in each of the three laps was 10.4 ± 1.1 vs. 10.4 ± 1.1 km·h −1 in CON and CS, respectively. No significant effect of condition (p = 0.935, η 2 p = 0.001), time (p = 0.681, η 2 p = 0.03), or interaction (p = 0.125, η 2 p = 0.15) were revealed. The average %HR in the three laps was 83.2 ± 5.7% and 83.3 ± 5.6% in CON and CS, respectively, and increased as a function of time (p = 0.008, η 2 p = 0.31), but there were no significant effects of condition (p = 0.968, η 2 p < 0.001) or interaction (p = 0.764, η 2 p = 0.02).
There was a significant increase in mBF as a function of time (from 0.16 ± 0.05 to 0.34 ± 0.06 mL·min·100 mL −1 in CON and from 0.16 ± 0.05 to 0.28 ± 0.12 mL·min·100 mL −1 in CS; p < 0.001, η 2 p = 0.89), but no effect of condition (p = 0.269, η 2 p = 0.20) or interaction (p = 0.102, η 2 p = 0.38). Likewise, mVO 2 increased significantly (from 5.42 ± 2.11 to 9.66 ± 4.61 mL·min·100 g −1 in CON, and from 5.42 ± 1.78 to 9.36 ± 4.64 mL·min·100 g −1 in CS; p = 0.004, η 2 p = 0.71), but no effect of condition (p = 0.817, η 2 p = 0.008) or interaction (p = 0.814, η 2 p = 0.009) was revealed. There was a significant effect of time (p < 0.001, η 2 p = 0.89), but no effect of condition (p = 0.657, η 2 p = 0.03) or interaction (p = 0.479, η 2 p = 0.10) in TSI measured before, during and at the end of MFT (Figure 2) .
Significant effects of condition were observed in running pattern variables with a greater t a , k leg , F max and a smaller DF wearing CS compared to CON, and a significant decrease as a function of time was measured in k vert and step frequency (Table 2 and Figure 3) . Running speed in the optoelectric cells was constant across all tests (CON: 12.0 ± 0.6 km·h −1 ; CS: 11.9 ± 0.5 km·h −1 ) with no significant effect of condition (p = 0.281, η 2 p = 0.09), time (p = 0.574, η 2 p = 0.05) or interaction (p = 0.062, η 2 p = 0.17).
THT Running Bout
The average speed in each of the two laps was 8.9 ± 1.9 vs. 9.1 ± 1.9 km·h −1 in CON and CS, respectively. A significant effect of time (9.7 and 13.5% increase in lap 2 in CON and CS, respectively; p < 0.001, η 2 p = 0.86), but not of condition (p = 0.149, η 2 p = 0.17) or interaction (p = 0.633, η 2 p = 0.02) were revealed. The average %HR was 85.7 ± 6.4% in CON and 87.6 ± 5.0% in CS and increased as a function of time (p = 0.014, η 2 p = 0.41), but there were no effects of condition (p = 0.251, η 2 p = 0.11) or interaction (p = 0.452, η 2 p = 0.05).
The mBF measured before and after THT increased slightly but not significantly (from 0.28 ± 0.09 to 0.30 ± 0.08 mL·min·100mL −1 in CON, and from 0.28 ± 0.12 to 0.29 ± 0.15 mL·min·100 mL −1 in CS; p = 0.363, η 2 p = 0.17) but there were no significant effects for condition (p = 0.869, η 2 p = 0.01) or interaction (p = 0.822, η 2 p = 0.01). Due to the inability of two subjects to tolerate high-level cuff inflation in a standing position after running and due to excessive noise during tests (no linear rate of increase/decrease in hemoglobin chromophores, as requested for a reliable estimation), there were insufficient complete data sets for mVO 2 (n = 6), therefore those results are not reported. For TSI, there was a significant effect of time of measure within the laps (p < 0.001, η 2 p = 0.78), but not of condition (p = 0.700, η 2 p = 0.02), lap (p = 0.249, η 2 p = Pairwise comparisons (95% CI of the difference, p-value of t-test and Cohen's d effect size) for the average ambient and skin temperatures, the sensations of fatigue and pain at the calf, thigh and Achilles' tendon sites before the run, and total run time during MFT, in control (CON) and compression sleeves (CS) conditions. Values are mean ± SD.
Frontiers in Physiology | www.frontiersin.org Since there was no effect of lap (lap 1 vs. lap 2), the average values of both laps are presented in Figure 2 . Significant effects of time (p = 0.002, η 2 p = 0.77) and interaction (p = 0.014, η 2 p = 0.60), but no effect of condition (p = 0.970, η 2 p < 0.001), were measured in the 30-s acute recovery phase directly following the end of exercise indicating a greater rate of recovery of TSI in CS compared to CON (Figure 2) . For the running pattern variables, a significant effect of condition was measured in t c , k leg , and k vert , a significant effect of time was measured in t a , F max , k vert and step frequency, and an interaction was measured for t a and F max (Figure 3 and Table 2 ). Running speed in the optoelectric cells was constant across all tests (11.92 ± 0.54 vs. 11.88 ± 0.54 km·h −1 in CON and CS, respectively) with no significant effects of condition (p = 0.987, η 2 p < 0.001), time (p = 0.151, η 2 p = 0.16) or interaction (p = 0.402, η 2 p = 0.06).
Muscle Functional Capabilities
There were significant changes in all variables as a function of time (decreased average and maximum power, t c , and k leg , increased t a , and frequency), a significantly lower t c in CS, as well as a tendency with large effect size for increased k leg in CS, but no effect of condition or interaction (Table 3) .
Subjective Sensations and DOMS
The sensation of fatigue and pain increased PRE and POST exercise in calf and thigh muscles, and the increase was lower in the sensation of fatigue in thigh muscle in the CS condition ( Table 4) . The sensation of pain in the Achilles' tendon increased as a function of time, and this increase was significantly smaller in CS compared to CON (from 0.21 ± 0.58 to 2.93 ± 2.56 and from 0.21 ± 0.80 to 1.64 ± 1.91 in CON and CS, respectively; Wilcoxon signed-rank test: Z = 2.52, p = 0.012 [CS: PRE/POST]; Z = 2.80, p = 0.005 [CON: PRE/POST]; Z = 2.37, p = 0.018 [POST: CS/CON]). There was a significant increase in calf DOMS up to 48 h after the test (p < 0.001, η 2 p = 0.79), but there were no effects of condition (p = 0.903, η 2 p = 0.001) or interaction (p = 0.638, η 2 p = 0.04) (Figure 4) .
DISCUSSION
This randomized, cross-over controlled study aimed to measure the effects of wearing calf compression sleeves compared to control garments during prolonged trail running on physiological and biomechanical parameters, exercise performance, and subjective perception of muscle fatigue, pain and soreness. The main findings of this study were that wearing CS compared to CON during trail running (i) improved muscle oxygenation before and after exercise (in a stationary position), but did not differentially affect local muscle oxygenation or heart rate during running on moderately flat or technical and hilly Step frequency (Hz) PRE 2.70 ± 0.13 2.69 ± 0.14 ANOVA Inferential and effect size statistics for the variables of contact time, aerial time, peak force (Fmax) and step frequency before (PRE) and during the constant rate bout of running in control (CON) and compressive sleeves (CS) conditions. Bold values indicate statistically significant differences.
terrain, including during sustained uphill or downhill running, (ii) modified running pattern and muscle mechanical capabilities during hopping via increased leg stiffness, (iii) improved the perception of pain in the Achilles' tendon, and (iv) did not affect performance in all-out trail running with marked elevation gain and loss, which confirms findings of previous studies in shorter duration exercise (Vercruyssen et al., 2012 (Vercruyssen et al., , 2016 Bieuzen et al., 2014) . As expected, HR increased as a function of time (cardiac drift) but we did not find any difference across garment conditions. This result is similar to those of previous studies during (Ali et al., 2007; Duffield and Portus, 2007; Sperlich et al., 2011; Wahl et al., 2011; Vercruyssen et al., 2012; Born et al., 2014; Priego Quesada et al., 2015) or after exercise (Duffield et al., 2010; Ménétrier et al., 2011) . On the contrary, a beneficial effect of wearing CS was found in muscle oxygenation during all resting situations, including after the test, which was likely due to an increased perfusion and reduced venous pooling in CS, as previously shown (Bochmann et al., 2005; Bringard et al., 2006; Ménétrier et al., 2011) . Changes in skin temperature and skin blood flow have also been pointed to explain part of the improved tissue saturation previously reported with the application of external compression, but these mechanisms are unlikely to play a prominent role in the current study as the control condition we used induced similar calf skin temperature during running compared to CS (cf. Table 1 ). This result is also in agreement with previous studies having reported improvements in muscle oxygenation before and after running (Bringard et al., 2006; Sear et al., 2010; Ménétrier et al., 2011) and cycling exercises (Scanlan et al., 2008) , as we also measured a beneficial effect of wearing CS in all resting situations (muscle oxygenation improved after donning the CS, after warming up, and after the test). However, our study is the first to report findings of muscle oxygenation during prolonged trail running, for which we measured no effect of exercise duration (fatigue) or condition (compression), including during sustained uphill and downhill running. Therefore, it is likely that the pressure in the muscular compartment during running exercises performed on various gradients exceeds the pressure exerted by CS, which could blunt its potential beneficial effects. Previous studies have indicated that increasing the mechanical pressure exerted by compression garments to approximately 40 mmHg had no effects during running at submaximal and Inferential and effect size statistics for the variables of average and maximum power, contact time, aerial time, frequency and leg stiffness measured during the 20-s of maximal hopping performed before (PRE) and after (POST) running in control (CON) and compressive sleeves (CS) conditions. Bold values indicate statistically significant differences. Inferential and effect size statistics for the variables of perceived calf muscle fatigue, thigh muscle fatigue, calf muscle pain and thigh muscle pain measured using 0-10 visual analog scales before (PRE) and after (POST) running in control (CON) and compressive sleeves (CS) conditions. Bold values indicate statistically significant differences. maximal intensities in laboratory conditions (Wahl et al., 2011) and could even have detrimental effects on blood flow during cycling exercise . However, by the same mechanism, CS could potentially have ergogenic effects during repeated exercise/recovery phases where the recovery rate in muscle oxygenation is beneficial, such as intermittent exercise (Sear et al., 2010) , but also possibly for exercise performed on multiple days. The two sessions were conducted in similar conditions, as no statistical differences were observed in factors that may impact parameters of interest (i.e., ambient and skin temperatures, perceived fatigue and pain before the test, the time separating MFT and THT bouts, and the time to complete the MHT bout). For the first time, changes in running biomechanics induced by CS were reported during exercise. Beyond the effects of exercise likely imputable to fatigue (large effect sizes for increased step frequency, decreased aerial time, significant increases in vertical stiffness and duty factor), we reported (i) a lower duty factor and greater leg stiffness during the MFT running bout in CS compared to CON (influenced mostly by increases in aerial time), and (ii) greater leg stiffness and vertical stiffness, as well as an interaction effect in duty factor during THT running in CS compared to CON (mostly influenced by decreases in contact time). For lower limb functional mechanical capabilities, while all variables were affected by exercise, we also reported a decrease in contact time and a large tendency for increases in leg stiffness with CS. Previous studies have indicated that the biomechanical adaptations induced by prolonged running were associated with similar trends, such as higher step frequency, smaller ground reaction forces contributing to increased leg and vertical stiffness after a 24-h treadmill run (Morin et al., 2011b) , reduced aerial time and increased step frequency contributing to a greater vertical stiffness after a 166-km mountain ultramarathon (Morin et al., 2011a) , or higher step frequency, duty factor and lower aerial time and ground reaction force after 8,500 km of running in 161 days (Millet et al., 2009 ). These biomechanical adaptations were suggested to be related to a smoother and safer running pattern preventing the impact of additional important mechanical constraints on the musculo-skeletal system. In the current study, a higher leg stiffness was also observed with CS compared to CON before, during and after running on level and hilly terrain, and in maximal hopping. However, in contrast with the above-mentioned previous findings associating the increase in leg stiffness with an increase in DF, the higher leg stiffness observed in the current study was associated with lower DF, either via a longer t a and higher peak vertical force during MFT, or a shorter t c during HFT and hopping. Therefore, the acute increases in leg stiffness associated with a lower relative time spent in contact with the ground can be interpreted as a more dynamical running pattern and leg mechanical behavior. Previous studies have suggested such biomechanical improvements may reside in the ergogenic aid of compression garments in reducing muscle oscillations (Kraemer et al., 1998; Mizuno et al., 2016) , potentially through enhanced proprioceptive capability (Kraemer et al., 1998) . However, there is currently no systematic study of the mechanisms underlying these acute changes in leg mechanical behavior wearing CS, and further investigations are required.
In this study, we reported that wearing CS resulted in a lower perception of fatigue in thigh muscles, and for the first time, a lower pain in the Achilles' tendon immediately after exercise. We also observed no effect of compression effect in DOMS up to 7 days after the test, which extends the findings of several other studies (Ali et al., 2011; Bovenschen et al., 2013; Driller and Halson, 2013; Areces et al., 2015; Chan et al., 2016) . However, this result differs to that of Bieuzen et al. (2014) , where the DOMS measured 1-h and 24-h POST trail running were likely to be lower in the compression condition. The differential alteration in the perceived sensation of fatigue, pain and soreness at the different muscle and tendon sites cannot be elucidated with the current results. Future investigations are needed to precise these discrepancies and may explore the potential beneficial implications of such sleeves, especially when used chronically, since CS could provide analgesic or prophylactic effects by enhancing proprioception and/or reducing the transmission of potentially harmful vibrations (Macefield, 2005) . However, despite the improvements in the perception of pain in the Achilles' tendon, and despite the absence of deleterious effects on any other variable, we did not measure improvements in exercise performance in either running (measured using time to complete the large laps) or muscle mechanical capabilities (hopping power). Therefore, it is possible to formulate the hypothesis that (i) the exercise used in the current study may have not been sufficient in duration and/or did not generate sufficient neuromuscular alterations in order for the potential protective action of CS to be transferred in exercise performance (as evaluated from this experimental design), or that (ii) the control garments provided some level of haptic feedback despite the absence of compression, akin to a placebo effect. Finally, the current study was performed in a cohort of trained trail runners and therefore, the potential protective effect of CS during trail running may have been minimized compared to a cohort of participants unfamiliar with running, or unfamiliar with running in terrain with marked elevation gain and loss.
CONCLUSION
This study shows for the first time that wearing calf compression sleeves during prolonged (∼2 h 30 min) trail running modified running biomechanics and lower limb muscle functional capabilities toward a more dynamic behavior, and reduced perception of pain in Achilles' tendon compared to a control condition without compression. In line with previous studies performed in traditional on-road running, or in shorter duration trail running, wearing calf compression sleeves did not modify exercise performance, muscle oxygenation and heart rate. Future studies are required to investigate why the selective improvement of stride biomechanics and Achilles' tendon pain had no effect on exercise performance, using either longer exercise duration or running performed in even more challenging terrain. Wearing compression sleeves during running appears to be associated with no adverse effects on the measured variables.
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